ABSTRACT Accurate estimation of orientation is very important in the field of inertial navigation. With the development of the technology of micro electro mechanical systems (MEMS), suppressing the influence of a gyro drift by means of continuous rotation (''carouseling'') has become a research hotspot. However, most of the current studies are still experiments conducted on the horizontal plane but carrying out north-seeking research on non-horizontal planes is also much valuable because it is common in practical scenarios, such as in the mining and drilling environment. In this paper, a feasible dynamic north-finder method for a micro inertial measurement unit (MIMU) based on the MEMS technology on a tilting plane is proposed. The fast Fourier transform (FFT) algorithm is used to analyze the appropriate rotation rate, and the tilting angle and heading angle are calculated in real time by an optimal weighted fusion based on recursive least squares (OWFBRLS) algorithm. Higher-precision orientation results can be achieved through the introduction of the optimal weighted fusion (OWF) theory. This paper demonstrates the experimental method and data processing in detail. The experimental results indicate that the proposed algorithm can provide accurate inclinations and headings, and the standard deviation (SD) of heading angle can reach approximately 0.6 • in 3 minutes, which is superior to the methods in the literature and still has high precision in the case of large tilting angles. These profound results prove the feasibility and effectiveness of the proposed method.
I. INTRODUCTION
In the application of positioning, aiming and inertial navigation, the initial orientation is required; thus, it is crucial to improve the accuracy of azimuth [1] . Determining the north direction through various sensors is vital in military and civil fields. The digital magnetic compass can be used to find the north, but the unpredictability of local magnetic field anomalies caused by various ferrous materials or electromagnetic devices causes great errors [2] . Differential global positioning system (GPS) antennas can obtain high azimuth accuracy, but in the interference or indoor environment, the signal quality cannot be guaranteed [3] .
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Because of these limitations, high-precision gyros, such as fiber optic gyros (FOGs), ring lasers gyros (RLGs) and hemispherical resonator gyros, are used in gyro compass. However, because of their size, weight and power consumption (SWaP), they are not very suitable for making portable or hand-held systems. With the rapid development of micro electro mechanical systems (MEMS) technology, the performance of the MEMS gyro is gradually improved, and it has significant advantages in SWaP [4] . Therefore, the MEMS gyro is more and more widely used in real life. For example, MEMS gyros have played a key role in automotive aerospace and consumer electronics.
The development of MEMS gyros for north-seeking research has been ongoing. Bias reported that the U.S. government had funded Honeywell Corporation to develop the rotating MEMS inertial navigation system (INS) for the next generation of north-seeking orientation devices [5] . Many researchers have conducted studies on the dynamic north-seeking technique of MEMS gyros through continuous rotation, which is also called ''carouseling,'' because this scheme is robust to bias, scale-factor, and temperature drifts [6] - [8] . In dynamic north-seeking experiments, the north component of the earth rotation rate is continuously modulated by the rotation rate of a turntable or motor. If the rotation rate changes faster than the gyro drift, the azimuth search is usually independent of the gyro drift [9] . Chenghao et al. [10] fixed the micro inertial measurement unit (MIMU) on the horizontal turntable and used the correlation detection algorithm to realize the north-seeking of the MEMS gyro through continuous rotation modulation technology. Liu proposed a north-seeking method based on the low-cost MEMS gyros, which reduced the angle random walk (ARW) through multiple rotations of the horizontal turntable and the extended Kalman filter (EKF) [11] . However, the method took long and the calculation of the EKF filter was complicated. Wei studied the pointing of a robot using a MEMS gyro and achieved an effective target pointing performance without the GPS [12] .
According to the literature, it is found that the current MEMS gyro compass is basically carried on the horizontal turntable. This is because when the gyro is on the horizontal plane, the effect of gyro g-sensitivity remains the same at all measurement positions, so that the influence on the measurement results can be easily eliminated [13] , [14] . However, since the MIMU contains three gyros and three accelerometers, the influence of the g-sensitivity error can be removed by calibration, so that the influence is no longer considered in the actual measurement [15] . In practical applications, a fixed MIMU plane cannot guarantee a strict level. For example, in mining, the petroleum industry, and borehole surveys, it is very important to know the orientation including the pitch, roll and heading of the object relative to the local navigation coordinate frame. The fixed MIMU plane is not always horizontal, and we call the non-horizontal plane a tilting base in this paper. Therefore, this paper explores the dynamic north-seeking method on the tilting base, which is of great significance.
Ariffin discussed the use of complementary filtering to solve the tilt angle and then used the microcontroller to calibrate the turntable plane in the presence of a tilt state [16] . However, the disadvantage is that the complementary filter requires empirical selection of parameters, which is undoubtedly a challenge in practical applications. In addition, the north-seeking algorithm based on two positions was still implemented on the level plane after calibration. Zhang realized continuous dynamic north-seeking with one gyro and one accelerometer [17] . Although the inclination angle was considered, the impact of gyro g-sensitivity error was neglected by the researcher. In addition, the effect of the rotation rate on signal modulation was lack of analysis. Cao proposed the use of tilt sensors to measure the rotation angle on a tilted base [18] , which is innovative but not the same as the north-seeking concept of this paper.
The aim of this paper is to analyze the north finding of MIMU on a tilting base. We first determine the rotation rate of the MIMU by the fast Fourier transform (FFT) method. This is a highlight of this paper. As far as we know, in spite of many other researchers' efforts, the dynamic north-seeking of MIMU on the tilting base has not been fully verified. Research on a MEMS gyro compass is basically to analyze how to calculate the heading angle or improve the north-seeking accuracy from the time-domain perspective. Temporarily, there is no paper discussing the impact of different rotation rates on the effective signal identification of a MEMS gyro from the frequency domain perspective; this is undoubtedly not rigorous. Secondly, because both of the two accelerometers of MIMU can be used to solve the tilt angle, we propose use of the optimal weighted fusion based on recursive least squares (OWFBRLS) method to improve the accuracy of calculation of inclination. According to the high-precision inclination angle, the heading angle in the non-horizontal state can be solved recursively. The OWF of two gyros' results can further improve the heading accuracy. To the best of our knowledge, this is the first report on using the combination of FFT and OWFBRLS to describe the north finding of MIMU on a tilting base.
The structure of this paper is as follows: In the second section, the dynamic north-seeking method of MIMU on tilting base is described, and the analyses of modulation of a signal with the FFT and OWFBRLS method are described in detail. The third section discusses the experimental results elaborately. The fourth section draws conclusions and ends the paper.
II. METHODS
Rotary MIMU requires a motor, an angle-measuring sensor and a slip ring compared to the traditional MIMU that does not have a rotating device. The diagrammatic sketch of it is presented in Figure 1 . The angle-measuring sensor measures the angle of the motor rotation and inputs it to the corresponding microprocessor unit for the closed loop control of the motor. The data of the rotating MIMU can be transmitted through the slip ring.
To better explain the following content, the definitions of coordinate frames involved in this paper are given as follows: The n frame is the navigation frame (East-North-Up coordinate frame); the b frame denotes the body frame; the s frame represents the frame that rotates synchronously with the MIMU.
We can qualitatively analyze the principle of the rotation modulation technique (RMT) from both the time domain and the frequency domain, as illustrated in Figure 2 . Figure 2 (a) is a time domain analysis. To simplify the analysis, we assume that the b frame coincides with the n frame. As the s frame rotates around the z-axis, the effective component of the earth rotation rate is projected into the s frame, forming a sine or a cosine signal; the effective signal measured by the MEMS gyro is the modulated signal that can be detected if the influence of the gyro drift or other noise can be removed. Figure 2 (b) illustrates the effect of RMT in the frequency domain; it can be seen that the effective signal is originally immersed in the low-frequency drift of the MEMS gyro, but the spectrum of the effective signal can be moved away from the low-frequency drift using RMT, thereby facilitating signal detection.
As there are already many papers discussing the continuous rotation of the MEMS gyro on the horizontal plane, this paper does not discuss this situation but discusses the principle of dynamic north finding on a tilting base.
A. THE PRINCIPLE OF DYNAMIC NORTH SEEKING ON A TILTING BASE
Defined in the case of a tilted base, the attitude angles of the MIMU include pitch θ , roll γ , and heading ϕ. According to the Euler angle transformation principle, the cosine transformation matrix between the n frame and the b frame can be obtained as (1) , shown at the bottom of this page.
The transformation matrix from the b frame to the s frame is where, a is the counterclockwise rotation angle around the z-axis. The transformation matrix that converts the earth rotation rate and the gravity from the n frame into the s frame is
The earth rotation rate can be expressed in the n frame as follows.
The specific force in the n frame can be expressed as
Thus, the gyro output expression in the s frame can be obtained using
From the above formula, we can derive the expression of each gyro output in the s frame:
Thus, the output expression of the gyro in three axes can be obtained as (8) , shown at the bottom of this page.
As shown in Figure 3 , it can be seen that the gyro in the z-axis is not modulated. The heading can be obtained by combining the data of gyros and accelerometers on the x -axis and on the y -axis.
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The gyro output expression in the y-axis, in which the gyro drift is represented by ε gy , is given below:
To simplify the analysis, some expressions in the above formula are presented as follows:
and
Thus, expression (9) can be denoted by
After getting the values of m gx1 and m gx2 and inclination angles θ and γ , we can use (13) to calculate the heading angle:
Next, the calculation of the tilting angle is discussed. The accelerometer output in the s frame is
Since the RMT is introduced, the x-axis and the y-axis accelerometers can measure data at different positions, and the data of each accelerometer can be solved by the recursive least squares (RLS) algorithm for the pitch and the roll. Thus, we can obtain two sets of pitch angles and roll angles, and the more accurate pitch and roll can be obtained by the optimal weighted fusion (OWF) algorithm.
The specific process is as follows. The x-axis and the y-axis accelerometer data can be represented using (15) and (16), respectively:
where, ∇ ai (i = x, y) is the bias of the accelerometer, and the other symbols can be denoted as
The m axi and m ayi (i = 1, 2) values can be used to solve the pitch and roll angles:
and γ = arcsin (−m ax2 tan θ/m ax1 ) = arcsin m ay1 tan θ/m ay2 .
(22)
Since both accelerometers can give their respective results, the two sets of outputs can be fused to improve the accuracy of the horizontal attitude angle. Taking pitch as an example, according to the principle of OWF theory, it is assumed that the results of the x-axis and y-axis accelerometers are θ 1 and θ 2 , and the measured accuracy of the two accelerometers are σ 2 1 and σ 2 2 according to the white noise level, respectively. Then, the fusion is performed using the following formula to make the result more accurate:
The weight of the result of the x-axis accelerometer solution is
Similarly, the weight of the solution of the y-axis accelerometer is
The variance of fusion results is
The data processing method of the roll is the same as that of the pitch, so it will not be elaborated again.
According to the outputs of the gyro and the accelerometer, we can solve the significant coefficients iteratively. The above formulas (12) , (15) , and (16) can be written in a matrix form.
The symbols of the above expression are given as follows. 
FIGURE 5. Allan deviation diagram of gyroscopes (a) and accelerometers (b).
The value of X can be solved by RLS algorithm.
It should be noted that each pitch and roll angle calculated with (21) and (22) will be fused using OWF. As to OWF based on the RLS algorithm is utilized, we define the above method as OWFBRLS.
III. EXPERIMENT A. NOISE MEASUREMENT OF INERTIAL SENSORS
As illustrated in Figure 4 , we used a three-axis rate turntable to collect experimental data from the HG4930 manufactured by Honeywell Corporation for analysis and verification.
First, the performance of gyros and accelerometers was analyzed by root Allan variance. The Allan deviation plots of three gyros and accelerometers are as presented in Figure 5 . Table 1 lists the angle random walk (ARW) values and zero-bias instability (BI) for the three gyros.
As can be seen from Figure 5 and Table 1 , the error characteristics of gyros are close to each other. Furthermore, the white noise of x-axis and y-axis accelerometers are 27.377µg/ √ Hz and 29.875 µg/ √ Hz, respectivelyl =; thus, the weight factors used in our algorithm are 0.544 and 0.466 according to the formulas (24) and (25).
B. DETERMINATION OF THE ROTATION RATE
Regarding the dynamic north-seeking scheme of the MEMS gyro, the current papers basically select a rotation rate without careful analysis; this is undoubtedly not rigorous. The choice of modulation frequency must be such that the effective signal and the low-frequency drift are separated without mixing it with high-frequency noise, and the dynamic performance of the experimental gyro should be fully considered. Therefore, we choose FFT to analyze the characteristics of gyro signals at different rotation rates.
After the MIMU preheating for a period of time to stabilize gyro output data, we controlled the turntable to start counterclockwise rotation at the set rate. The sampling rate was 200 Hz. Data were collected when the tri-axis turntable was at rotation rates of 5 • /s, 10 • /s, 20 • /s and 30 • /s. Figure 6 illustrated the time domain and the frequency domain of the x-axis gyro when it rotates at 5 • /s.
As illustrated in Figure 7 , we marked the frequency of the effective signal, and it can be seen that the marked frequency corresponds to the rotation rate of the turntable.
In addition, it can be seen that when the rotation rate is 5 • /s (0.014 Hz) or 10 • /s (0.028 Hz), its effect is not good because the signal is close to the direct current component or the low-frequency drift component of the gyro, so the signalto-noise ratio is not high. It can be seen that when the rotation speed is 20 • /s (0.055 Hz) or 30 • /s (0.084 Hz), the effective signal can be well distinguished from the gyro drift. We chose 20 • /s as the rotation rate of the MIMU because it already had a good rotation modulation effect and the rotation rate was moderate for motor control.
C. RESULTS AND DISCUSSION
The laboratory's rotary MIMU is still in the process of development; however, this does not prevent us from conducting scientific research on the issues raised in this paper. We can choose pure mathematical simulation, but it cannot simulate the noise level of the gyro well. The semi-physical simulation has higher reliability and authenticity, is easy to operate and implement, and has a lower cost; thus, it is widely used in engineering applications. We fixed the MIMU on a three-axis turntable, controlled the inner frame of the turntable to maintain the level, and collected the data of the gyro and the accelerometer. We can use these data as an error term with bias and various noises (z-axis accelerometers need to deduct gravitational acceleration) and superimpose them into the signal of our simulation. This makes the data of the semi-physical simulation more realistically reflect the output of MIMU on the tilting base. Figure 8 For a clearer explanation, we intercepted the data of a section of the y-axis gyro; as illustrated in Figure 9 (a), it can be seen that the noise is large and no regularity can be seen. However, the component of the earth rotation rate is submerged by noise. After a simple digital low-pass filter, as illustrated in Figure 9 (b), the data has a sinusoidal variation, but it is irregular because the gyros have errors such as bias and low-frequency drift.
After the tilting, angles including pitch and roll angles are solved in real time according to (21), (22), and (27), the heading angle of the MEMS gyro can be calculated in real time according to (13) , thereby solving three attitude angles iteratively. Figure 10 is the solution of the tilting angle and the heading angle of the y-axis gyro. It can be seen from 10 (a) that the pitch and roll angles can quickly converge to the correct values, thus verifying the effectiveness of our method in solving the tilting angles. From 10 (b), it can be seen that the convergence rate of the heading angle is slower than that of the pitch or roll angle, which is a normal phenomenon. In addition, we can see that the proposed method is closer to the true value, because the compensation of the tilt angle is considered, and the optimal weighted fusion is used, which is beneficial to improving the accuracy of the solution. The algorithm from a study by Zhang et al. [17] does not consider the fusion of the data, and if we ignore tilts, the errors are obvious.
The solution of heading angle of the x-axis gyro is similar to that of the y-axis gyro. If the position of the x-axis gyro and the y-axis gyro is 90 • from the rotation axis, the phase angle of the initial position of the y-axis can be calculated again after the x-axis gyro rotates 90 • around the z-axis. Therefore, according to the heading angles and the standard deviation (SD) solved by the two gyros, the fusion of two sets of data as a dynamic north-seeking result of the MIMU can improve the heading output accuracy.
For a specific explanation, the dynamic north-seeking result of 10 sets of experimental data in the case of a pitch angle of 0.5 • , a roll angle of 1 • , and a heading angle of 50 • are displayed. The solution results of the tilt angles and headings are illustrated in Figures 11 and 12 , respectively. When calculating the heading angle, we compared three cases, including the respective solution results of the x-axis gyro and the y-axis gyro, and the solution results without considering the tilt. The SD measured by the x-axis gyro and the y-axis gyro is 0.909 • and 0.801 • , respectively, and the SD of the data after the fusion is 0.601 • according to (26), which improves the accuracy of the heading solution. Table 2 lists conditions for three different tilt angles at 40 • latitude. It can be seen that our algorithm always has higher precision under different tilt angles. The accuracy of heading angles is better than the algorithm in [17] because the proposed method utilizes the OWF algorithm. Further, if the tilt is ignored, directly calculating the heading angles will bring a large error deviating from the true value, and the larger the tilt angle, the larger the error. The root cause of this result is that the earth component sought by the MIMU under a tilting base is no longer the north component of the earth rotation rate, but the composite component of the projection of the earth rotation rate.
To increase the persuasiveness of the proposed method, we have verified in the 360 • space range in the case of a tilting base with a pitch angle of 0.5 • and a roll angle of 1 • . A total of 12 locations, each of which tested 10 sets of data. It can be seen from Figure 13 that the maximum mean error and SD obtained by this method are about 0.8 • and 0.6 • , respectively; this proves that this method is an effective and accurate method for dynamic north-seeking on the inclined base.
IV. CONCLUSION
This paper proposes a dynamic north-seeking method for MIMU on a tilting base. The proposed algorithm realized a 0.65 • maximum SD heading error, and the tilt error can be ignored in 3 minutes with the sensors we used. The experimental results verify the effectiveness of our method. The following conclusions can be obtained.
(1) The OWFBRLS algorithm in this paper has a real-time solution, which is beneficial to engineering implementation, and can reduce the burden of the MCU. It realizes dynamic north-seeking and can calculate the tilt angle and the heading angle at the same time. If we do not consider the influence of the tilt angle, a large error will be generated, and as the tilt angle increases, the error becomes larger.
(2) The OWF of the heading results of x-axis and y-axis gyros further improves the dynamic north-seeking precision of MIMU. From Table 2 , the maximum accuracy of north-seeking using one gyro is about 0.9 • , but the error after fusion is about 0.6 • . This provides an idea for improving the north-seeking accuracy by using multiple sets of low-cost MEMS gyros. Further, Figure 13 demonstrates the reliability of the proposed method.
(3) FFT analyzes the effect of different rotation rates on the effective signal of the gyro. In this paper, a rotation rate of 20 • /s is selected after considering the modulation effect. This analysis method is extensible. Different performances of gyros can use this method to select the appropriate rotation rate for north-seeking research and avoid the influence of low-frequency drift on the modulation effect.
(4) Although the method herein is described for a MIMU, the method can also be implemented in a north-seeking system using an RLG or an FOG.
The results of this study prove that MIMU has the potential to meet these requirements in areas where high-precision inclination and heading angles need to be known. It is expected to be applied in the petroleum industry, drilling exploration, pedestrian navigation, long-distance positioning, indoor positioning and other fields in the future. The development of miniaturized motors capable of precise rotation will be the key to the miniaturization and compactness of the MEMS north finder. The next step is the analysis and compensation of the effects of temperature drift and rotational interference of the MEMS gyro. The development of real engineering applications based on the rotary MIMU will be challenging and exciting work.
